The Gamow-Teller response of 40 Ar is important for the use of liquid argon as a medium for neutrino detection. An ambiguity about the Gamow-Teller strength for the excitation of 1 + states at 2290 and 2730 keV in 40 K results in a significant uncertainty for neutrino capture rates. This ambiguity is caused by the large discrepancy observed between strengths extracted from 40 Ar(p, n) charge-exchange data and the transition strengths for the analog transitions studied in the β decay of 40 Ti. Purpose: This study was aimed at resolving the ambiguity between the results from the 40 Ar(p, n) chargeexchange and 40 Ti β-decay data. Method: Shell-model calculations in the sd-pf shell with a new interaction (WBMB-C) were used to study differences between the structure of the transitions from 40 Ar and 40 Ti. Distorted-wave Born approximation reaction calculations were used to investigate uncertainties in the extraction of Gamow-Teller strength from the 40 Ar(p, n) data. New high-resolution data for the 40 Ar( 3 He,t) reaction were used to gain further insight into the charge-exchange reaction mechanism and to provide more information to test the validity of the shell-model calculations. Results: The shell-model calculations showed that interference between amplitudes associated with pf and sd components to the low-lying Gamow-Teller transitions, in combination with a difference in Coulomb energy shifts for 40 Ar and 40 Ti, can produce the differences on the scale of those observed between the 40 Ar charge-exchange and 40 Ti β-decay data. In combination with the difference in nuclear penetrability of the (p, n) and ( 3 He,t) probes, the different contributions from amplitudes associated with transitions in the pf and sd shells are likely also responsible for the observed discrepancy between the ratio of the cross sections for the low-lying 1 + states in the 40 Ar(p, n) and 40 Ar( 3 He,t) data. Conclusions: On the basis of this study, it is recommended to use Gamow-Teller strengths extracted from the 40 Ar(p, n) data, not the 40 Ti β-decay data, for the calculation of neutrino capture rates. Further theoretical studies are required to achieve a consistent quantitative description for the energy differences between low-lying 1 + states in 40 K and 40 Sc and the experimentally observed Gamow-Teller strengths.
I. INTRODUCTION
It has long been realized that liquid argon is a suitable medium for neutrino detection. Its properties have motivated the construction of a liquid argon time projection chamber [1] for the "Imaging Cosmic and Rare Underground Signal" (ICARUS) experiment [2] at the Laboratori Nazionali del Gran Sasso underground laboratory. With the completion of the detector system, a broad neutrino-physics program is under way [2, 3] , which includes the study of solar and supernova neutrinos in the energy range of E ν ∼ 5-50 MeV. Recently, the ArgoNeuT collaboration presented first measurements of inclusive neutrino charged current differential cross sections on argon using a liquid argon time projection chamber [4] , indicating the important usages of such a system.
The detection in liquid argon of neutrinos in this energy range relies on two reaction types: the elastic scattering of μ, τ and e neutrinos on electrons [e − (ν x ,ν x )e − ] and the electron neutrino absorption via the 40 Ar(ν e ,e − ) 40 K * reaction. Whereas the elastic scattering cross section can be calculated accurately [5] , the estimation of the neutrino absorption rate is more complicated. The total rate has a Fermi and Gamow-Teller (GT) component. The Fermi transition strength B(F), owing to the transition between the 40 Ar(0 + ) ground state and its isobaric analog state in 40 K, is governed by a model-independent sum rule [6] and carries little uncertainty. However, the determination of GT transition strengths B (GT) [here defined such that for the decay of the free neutron B(GT) = 3] is not as straightforward, owing to transitions to multiple 1 + states in 40 K. Two experimental methods have been used to determine the relevant GT transition strengths. In the first method, one uses GT strengths measured in the β decay of 40 Ti [7] [8] [9] and assumes isospin symmetry. If this assumption is valid, the measured transition strengths from 40 Ti to 40 Sc are equal to the analog transitions from 40 Ar to 40 K. The second method relies on the extraction of GT strengths through (p, n)-type charge-exchange reactions on 40 Ar that populate the 1 + states in 40 K [8, 10] . No assumptions on isospin symmetry are required, but the extraction of the GT strength relies on its proportionality (expressed through the so-called "unit cross section") to the charge-exchange cross section at vanishing linear momentum transfer (q ≈ 0) [11] . It is known that the uncertainty in the proportionality can be sizable for transitions with small B(GT) [11] [12] [13] mostly owing to interference between the central σ τ component (which mediates the L = 0, S = 1 GT transitions) and the noncentral tensor component (which mediates L = 2, S = 1 transitions) of the effective nucleon-nucleon interaction. Both contribute to the J = 1, 0 + → 1 + excitation in charge-exchange reactions. For transitions of significant GT strength, the uncertainties are usually small and a deviation of ∼20% for B(GT) ∼ 0.3 is among the highest reported [14] . However, as first reported in Ref. [8] and more recently investigated in detail in Ref. [10] , a large discrepancy exists between the GT transition strengths derived from β + decay of 40 Ti and those extracted from 40 Ar(p, n) charge-exchange data. The experimental data are shown in Figs. 1(a) and 1(b). Although at higher excitation energies the differences can partially be attributed to the limited resolution 40 Ar(p, n) [10] . 40 Ti to 40 Sc.
of the (p, n) experiment so that several weaker transitions in the β + decay are not observed or merged together, for the strong transition to the first 1 + state at 2290 keV, the discrepancy is unusually large (80%): A B(GT) of 1.03(10) is reported from the 40 Ar(p, n) experiment and 0.57(3) [10] from the β-decay experiment [9] . 1 The B(GT) values for the transition to the second 1 + states at 2730 keV are identical: 0.94 (9) in the case of β decay and 0.94(4) from the (p, n) measurement. Therefore, even in the unlikely case of the absolute normalization of the (p, n) data being wrong by a factor that would explain the deviations for the transition to the state at 2290 keV, a large discrepancy remains when considering the ratio
1 B(GT) Values reported from β decay of 40 Ti for the states of relevance to this work are consistent between Refs. [7] [8] [9] and we used those from [9] . The B(GT) values and R derived from 40 Ar(p, n) and β-decay of 40 Ti are listed in columns 2 and 3 of Table I . As shown in Fig. 7 of Ref. [10] , the discrepancy observed for the transition to the state at 2290 keV has a significant effect on the neutrino capture rates on 40 Ar. Usage of the 40 Ar(p, n) values, rather than the 40 Ti(β + ) values, results in a rate increase by a factor that ranges from 1.3 at E ν = 30 MeV to 1.8 at threshold (E ν = 8 MeV), assuming the threshold for the detection of the outgoing electron is 5 MeV.
In Ref. [17] , a combination of three effective interactions was used to calculate the GT strength distribution: sdpf-m for the sd shell [18] , GXPF1J for the pf shell [19] [20] [21] , and the SDPF-VMU-LS interaction for the sd-pf crossshell parts [22, 23] . This calculation reproduced the overall strength distribution extracted from the 40 Ar(p, n) reaction better than an earlier shell-model calculation of Ref. [24] . It also produced a value R < 1, consistent with the 40 Ar(p, n) data, and hence in contrast to the results from the β( 40 Ti) data.
This work was aimed at improving our understanding of the discrepancy between the GT strengths extracted from the β( 40 Ti) data and from the 40 Ar(p, n) data for the transitions to the final states at 2290 and 2730 keV. Under the assumption that the available data are of good quality, two possible reasons were investigated: (i) an underlying nuclear structure issue causes a large discrepancy between the two sets of data, (ii) the proportionality between GT transition strength and the cross section at q = 0 for the charge-exchange reaction is severely broken owing to a complicated reaction process. For studying (i), shell-model calculations were performed and results are described in Sec. II. For the investigation of (ii) detailed distorted-wave Born approximation (DWBA) calculations for the 40 Ar(p, n) reaction to the two strongly excited 1 + transitions are required. In addition, new highresolution data for the 40 Ar( 3 He,t) reaction became available and were used to complement the reaction studies. A comparison of the extracted GT strengths from the two different charge-exchange probes has been shown to be a good tool to understand complications in the reaction mechanism; see, e.g., Refs. [14, 25] for the cases of 58 Ni and 13 C, respectively. The reaction studies are discussed in Sec. III.
II. STRUCTURE STUDIES
The shell-model calculations were carried out in the sd-pf model space (sd) 20 (pf ) 2 for all A = 40 positive-parity states with T = 1 and 2. The starting point of the calculations was the WBMB Hamiltonian that was constructed in Ref. [26] . This Hamiltonian was also used by Ormand et al. [24] for calculating neutrino capture cross sections on 40 Ar and β decay of 40 Ti. This interaction conserves isospin; the calculated spectra of the mirror nuclei are identical and the calculated mirror B(GT) values are the same. The WBMB Hamiltonian was then updated by including the Coulomb interaction between protons. Also, the single-particle energies in WBMB were modified to reproduce the experimental binding-energy differences for 41 Ca- 40 Ca (neutron pf ), 41 Sc-40 Ca (proton pf ), 40 Ca-39 Ca (neutron sd), and 40 Ca-39 K (proton sd). The resulting Hamiltonian is called WBMB-C.
The WBMB-C Hamiltonian mixes isospin; the calculated spectra of the mirror nuclei are different and the calculated B(GT) mirror values are not equal, as shown in Figs. 1(c) and 1(d) for the 40 Ar → 40 K and 40 Ti → 40 Sc channels, respectively. The differences in the GT strength distribution can be understood in terms of the dominant components of the wave functions:
For the 40 Ar → 40 K transition the GT operator acting on 40 Ar ground state can make two types of states in 40 K:
For the 40 Ti → 40 Sc transition the GT operator acting on the 40 Ti ground state can make two types of states in 40 Sc:
The total GT strength is an interference between components (a) and (b). The Coulomb interaction enters into the energy differences for (a)
where E is the negative of the binding energy. These are related to the experimental energy differences, The consequence is that the sd part of the GT (b) amplitude is shifted up relative to the pf part (a). The maximal shift would be about 0.8 MeV, but because there are other smaller components in these wave functions with a smaller Coulomb energy shift, the effective value is about 0.4 MeV. Owing to the interference between components (a) and (b), states that lie closer than about 0.4 MeV will have individual GT strengths that will be strongly influenced by this Coulomb shift, but the total strength (over an averaging interval about 1 MeV) will remain about the same. From Figs. 1(c) and 1(d) it is clear that the transition strengths to the two low-lying states are very different for the two channels; the values are also listed in columns 5 and 6 of Table I . We note that the strength distribution for the 40 Ar → 40 K channel resembles the recent calculations of Ref. [17] , in particular for the two low-lying transitions: In both cases, the ratio R as defined in Eq. (1) is much smaller than 1. For the calculated strengths in the 40 Ti → 40 Sc channel, R is clearly very different, and much larger than 1. It is, therefore, immediately clear that within a consistent shellmodel calculation for the GT transition strengths in the 40 Ar → 40 K and 40 Ti → 40 Sc channels the ratio R can indeed be very different owing to the interference effects described above.
Even though the main features of the observed asymmetry between the 40 Ti → 40 Sc and the 40 Ar → 40 K channels are qualitatively described by the shell-model calculations, there exist notable differences. Experimentally, the summed GT strengths for the two strong low-lying transitions are rather different for the 40 Ti → 40 Sc (1.51 ± 0.05) and 40 Ar → 40 K (1.94 ± 0.16) channels, whereas in the shell-model calculations the values are nearly identical (1.34 and 1.39 for the 40 Ti → 40 Sc and 40 Ar → 40 K channels, respectively). In addition, the difference in excitation energy between the two levels is not well reproduced in the 40 Ti → 40 Sc channel, which could affect the mixing between different configurations. To achieve a better qualitative description of the data, significant further improvements to the shell-model Hamiltonian that go beyond the relatively simple corrections made here are required. Nevertheless, even though the shell-model calculations do not exactly reproduce the data, it is clear that one cannot simply rely on isospin symmetry and use the 40 Ti → 40 Sc channel for estimating strengths in the 40 Ar → 40 K channel.
III. REACTION MECHANISM
In the extraction of GT strengths from charge-exchange data, the ratio R can also be affected if the proportionality between strength and differential cross section is different for different transitions. This proportionality is expressed through the unit cross sectionσ defined aŝ
where (dσ/d ) q=0 is the differential cross section at vanishing linear momentum transfer. Similar to Eq. (1), we define
If Rσ = 1 it indicates that the relative strengths extracted from the charge-exchange data for the transitions to these states will have an error associated with the reaction mechanism. Because such an error would not be present in the extraction of the GT strengths from β-decay data, it would lead to a difference between the strengths extracted for the 40 Ar → 40 K and 40 Ti → 40 Sc channels. We studied the ratio Rσ for the 40 Ar(p, n) reaction in DWBA by using the code DW81 [27] . The Love-Franey effective nucleon-nucleon (NN) interaction at 140 MeV [28, 29] was employed and exchange effects were treated exactly. One-body transition densities (OBTDs) for the transitions from the 40 Ar ground state to the excited states at 2730 and 2290 keV in 40 K were taken from the above-described shell-model calculations with the WBMB-C Hamiltonian. Radial wave functions of the target and residual nuclei were calculated using a Woods-Saxon potential (with radius parameter r 0 = 1.25 fm and diffusiveness a = 0.65 fm [30] ). Single-particle binding energies were determined using the Skyrme SK20 interaction [31] . Optical-model potential parameters for the proton (neutron) in the in (out)going channel were based on the global parametrization of Koning and Delaroche [32] . Because the extraction of GT strengths from 40 Ar(p,n) data in Ref.
[10] relied on the empirically established energy-dependent ratio of the unit cross sections for GT and Fermi transitions [11] , we calculated this ratio in the above framework as a cross-check. A ratio of 5.1 was found, which is consistent with the empirical value of 4.8 ± 0.3.
Three separate calculations were performed: a full DWBA calculation, a calculation in DWBA in which the tensor interaction of the effective NN interaction was switched off, and a calculation in plane-wave Born approximation (PWBA) in which the depth of the optical potentials were set to zero, and Coulomb forces were switched off as well. The latter calculation gives Rσ = 1 and was carried out as a cross-check. The values for Rσ for the two sets of DWBA calculations are shown in Table II . In the DWBA calculation without the tensor component of the effective NN interaction, Rσ is slightly lower than unity, indicating differences between the transition densities for the excitations of the 1 + states at 2730 and 2290 keV. When the tensor interaction is switched on, Rσ is slightly larger than unity, indicating minor interference effects between L = 0 and L = 2 amplitudes that are slightly different for the two J = 1 excitations. However, on the basis of these calculations, there is no indication that the differences between the GT strengths extracted from the 40 Ar(p, n) and β-decay of 40 Ti data are largely attributable to problems with assumptions made about the reaction mechanism of the (p, n) data.
To obtain further insight, an additional study was performed on the basis of recently acquired data for the 40 will be published in a forthcoming publication; here the focus is solely on the ratio of the transitions to the final 1 + states in 40 K at 2290 and 2730 keV at scattering angles near zero degrees. A comprehensive overview of high-resolution ( 3 He,t) experiments can be found in Ref. [33] .
A beam of 3 He particle was impinged on a 40 Ar gas target [34] contained by Aramid foils, which was placed at the target position of the Grand Raiden Spectrometer [35] at RCNP. Tritons were detected in the focal plane of the spectrometer and from the measurement of the position and angle in the focal plane, the excitation energy in 40 K and the scattering angle were determined. An excitation energy resolution of 30 keV was achieved by applying dispersion matching and focus matching techniques [33, 36, 37] . An angular resolution of ∼5 mrad was achieved by applying the angular matching technique [36] and the overfocus mode of the spectrometer [38] . The excitation-energy spectrum containing the state at 2290 and 2730 keV is shown in Fig. 2 . The relative cross section to the two 1 + states could easily be extracted, and owing to the excellent excitation-energy resolution achieved, the minor contribution from a contaminant state observed on the shoulder of the 2730-keV state (probably from the excitation of the 3 + state at 2787 keV [15] ) could be separated and subtracted by modeling the response of a single excitation by the shape of the transition to the 2290-keV state.
Under the assumption that the unit cross section for both transitions is the same, the extracted ratio of these cross sections is equal to the ratio R of the GT strengths for the two transitions [see Eq. (1)]. Because the excitation energies of the two states are very close, we note that the effects of the slight difference in linear momentum transfer for the extraction of the GT strengths is negligible. A value of R = 0.73 (5) was found (see also Table I), which is even smaller than the value of R = 0.911(5) reported for the 40 Ar(p, n) reaction. The uncertainty in the extracted value of R from the ( 3 He,t) includes a systematic component owing to the modeling of the response function and the subtraction of the contaminant peak. However, the 40 Ar( 3 He,t) data confirm the large discrepancy between the GT strengths extracted for the two low-lying states from the 40 Ar(p, n) data and the 40 Ti β-decay data. In an attempt to understand the difference in R between the 40 Ar(p, n) and 40 Ar( 3 He,t) data, DWBA calculations for the latter reaction were also performed. The code package FOLD [39] was used in the calculations. The structure input (OBTDs) was identical to that used for the 40 Ar(p, n) reaction. For the 3 H and 3 He particles, radial densities obtained from variational Monte Carlo calculations [40] were used in the calculation of the form factor, which was done by double folding the Love-Franey effective NN interaction [28, 29] over the transition densities of the 40 Ar-40 K and 3 He-t systems. A short-range approximation following Ref. [28] for the effects of the antisymmetrization of the dinuclear system (the so-called "knock-on" exchange terms) was used. The optical potential parameters for the incoming channel were deduced from interpolating parameters obtained from the analysis of 3 He elastic scattering data on a wide variety of nuclei [41] [42] [43] . Following Ref. [44] , the depths of the triton optical potentials for the outgoing channel were scaled to 85% of the ones for the 3 He particles.
The ratio Rσ of Eq. (3) was determined for the 40 Ar( 3 He,t) reaction to the 1 + states in 40 K at 2290 and 2730 keV and compared with the results for the 40 Ar(p, n) reaction. In PWBA, Rσ = 1, as expected, but in DWBA (regardless of whether the tensor component of the NN interaction was switched on or off), Rσ < 1 (see Table II ), indicating that the unit cross sections for the two transitions are significantly different (by 20%-30%). Consequently, on the basis of these calculations, one expects that the differential cross section for the transition to the state at 2290 keV in the 40 Ar( 3 He,t) data is enhanced (or the cross section to the 2730-keV state reduced) compared to the results of the 40 Ar(p, n) experiment, which is what is observed: The value of R in Table I is 25% larger in the 40 Ar(p, n) data than in the 40 Ar( 3 He,t) data. More explicitly, if the values of R in Table I are adjusted for the calculated values of Rσ in Table II , R (p,n) = 0.87(5) and R ( 3 He,t) = 1.01(5). Although not quite consistent, these values of R are significantly closer to each other than without the correction.
We also note that the value of Rσ for the 40 Ar( 3 He,t) reaction increases when the tensor interaction is excluded from the DWBA calculation, which is in contrast to the result for the 40 Ar(p, n) reaction. (A similar effect, namely that the interference between L = 0 and L = 2 amplitudes mediated by the tensor interaction is opposite in sign for the (p, n) and ( 3 He,t) reactions, was observed for the case of lowlying transitions in the case of 58 Ni [14] .) Although the effects of the tensor interaction are smaller than the overall difference in Rσ for the two probes, they enhance the discrepancy.
The reason for the unusually high difference in unit cross sections for the two GT transitions from 40 Ar in the ( 3 He,t) reaction becomes clear when the radial transition density for each of these transitions is plotted (multiplied by r 2 ), as is done in Fig. 3 . The transition density for the transition to the 1 + state at 2290 keV (which, according to the shell-model calculations, is dominated by the 0f 7/2 -0f −1 7/2 particle-hole transition) peaks at larger r and extends further than the transition density to the 1 + state at 2730 keV (which is dominated by the 0d 3/2 -0d −1 3/2 particle-hole transition). The ( 3 He,t) reaction probes the nuclear surface and is thus much more sensitive to differences between the shapes of transition densities than the (p, n) reaction, which probes further into the nuclear interior. We conclude that the difference between the values of R for the 40 Ar(p, n) and 40 Ar( 3 He,t) reactions is, therefore, predominantly attributable to the difference in sensitivity to the shapes of the transition densities, with an additional but smaller enhancement owing to the effects of the tensor interaction. The observed discrepancy between the 40 Ar(p, n) and the 40 Ar( 3 He,t) reactions for the strong transitions to the low-lying 1 + states in 40 K is extremely rare, as extracted GT strengths from the two probes usually match well.
IV. CONCLUSIONS
The unusually large discrepancy between GT transition strengths extracted from the 40 Ar(p, n) reaction for the excitations of 1 + states at 2290 and 2730 keV in 40 K and the GT strengths obtained for the analog transitions in the β decay of 40 Ti has been investigated on the basis of shell-model calculations in the sd-pf model space and studies of the reaction mechanism in DWBA for the 40 Ar(p, n) reaction. In addition, by comparison with newly obtained data for the 40 Ar( 3 He,t) reaction, further insight in the reaction and structure aspects of the relevant transitions was obtained.
Although the theoretical calculations still have deficiencies, they provide insight in the underlying mechanisms responsible for the discrepancies between the GT strengths extracted from the analog channels in the charge-exchange and β-decay data. These mechanisms are predominantly related to interference effects between sd and pf contributions to the GT transitions. Although the transition to the 1 + state at 2290 keV is dominated by pf -shell amplitudes and the transition to the state at 2730 keV is dominated by sd-shell amplitudes, interference effects between these amplitudes, which are sensitive to Coulomb shifts, cause large difference between the analog transitions. The comparison between the 40 Ar(p, n) and 40 Ar( 3 He,t) data and associated studies of the reaction mechanisms confirm the difference in the nature of the GT transitions to the low-lying 1 + states. Because the transition density associated with the excitation of the low-lying 1 + state (dominated by pf -shell amplitudes) extends further than for the high-lying 1 + state (dominated by sd-shell amplitudes), and the ( 3 He,t) reaction probes the nuclear surface whereas the (p, n) reaction probes deeper into the interior, a difference between the ratios of the cross sections for the two low-lying states in charge-exchange data sets was observed.
Although further development of the theoretical models is required to achieve better quantitative correspondence between the data and the theory, the present results give clear direction regarding a lingering ambiguity about the GT response of 40 Ar, which is important for the analysis and development of neutrino detectors based on liquid argon. For the purpose of these studies, it is recommended to use the GT transition strength extracted from the 40 Ar(p, n) data, which have limited uncertainties (less than 10%) associated with tensor component of the NN interaction and differences between the transition densities for the two low-lying GT transitions.
